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Abstract:
Phenomenological Equations of State (EOS) for fluids near their critical point have been obtained using literature compression factor data, Z c = P c V c /(n R T c ) = 0.40 to 0.10 in Table I (P c , V c /n, T c are the pressure, volume per n mole, and the absolute temperature of the fluid at the critical point). The objective is to explain the deviations from the van der Waals value, Z c (vdW) = 3/8 (-70 % for molten Se and alkali metals up to 6 % for molten Pb, Hg, and In) by including in the commonly used phenomenological thermodynamic relations a term which explicitly describes the Heisenberg spin exchange interactions, in order to understand electron transfer reactions in solvents near their critical point. Literature data near the critical point indicate that the 199, 201 Hg (Z c ≅ 0.4) Knight shift plummets to zero while the alkali metals and Se (Z c = 0.2 to 0.1) are paramagnetic fluids, and that the enhanced rates for free radical electron exchange reactions (in CO 2 , n-C 2 H 6 and CHF 3 with intermediate Z c ) are correlated to Z c . The difference between the solvent behavior for electron spin exchange reactions near its critical point is ascribed to spin interactions. The analysis shows that the solvated electron osmotic pressure in metal ammonia solutions versus the solvent density ρ r,NH3 = V c /V goes through a maximum where enhanced rates of electron exchange also attain a maximum. This can be applied to choose the best solvents, near their critical point, for the syntheses of new materials and metal oxide extraction.
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Introduction:
Supercritical fluids are used in chemical synthesis due to the increased solubility and chemical reactivity of materials in fluids near and above their critical point 1 . Under supercritical solvent conditions, electron exchange reactions must take into account the spinspin exchange interactions 2, 3 .
This work is an attempt to use simple and available compression factor data (near the critical point of fluids) to ascertain the contribution to electron exchange reactions of the spinspin interaction terms going from molten metals, to polar, to non-polar fluids. The deviations from the van der Waals value, Z c (vdW) = 3/8 in Table I 4 are the basis for the hypothesis. The gradual change in Z c between the two extremes Hg (Z c ≅ 0.4) to alkali metals and Se (Z c ≅ 0.2 to 0.1) is explained in this work, by a semiempirical approach, which adds to the EOS an interaction term that describes the spin exchange interaction explicitly 5a . [6] [7] [8] indicate that the solvent is not a passive medium: In alkali metal in ammonia/amine solutions 6 , in most free radical solutions 7 , and in solids 8 the free electron spin density extends into the surrounding medium. The transferred electron density, n e /V is proportional to the solvent particle density, n/V surrounding the solute, and the spin exchange energy density varies as 5a,b (n e /V) 4/3 , thus the term which describes the Heisenberg spin interaction varies as (n/V) 4/3 in the EOS of fluids near the critical point. More accurate EOS (obtained by careful T, V, P measurements) are necessary 4 to describe the system by scaling concepts [9] [10] [11] . However, the important question to be answered is what determines the boundaries between metallic, semi-metallic, polar and nonpolar solvents for electron transfer reactions in the solvent critical region?
Spin Exchange for Free Radicals in Solution and in Liquid Metals
The extreme variations in Z c (0. ) is that there is an enhancement in the electron exchange rates over that calculated by Brownian dynamics simulations, and that this is solvent dependent:
• ESR measurements on di-tert-butyl nitroxide (DTBN) free radical, dissolved in ethane near its critical point (Z c = 0.279 4i at T r = T/T c = 1.01, and different P r = P/P c reproduced in Figure 1a that the solvent is involved in the electron exchange reaction.
• The observed kinetics, by transient spectral measurements after pulse radiolysis 4g,l,o also indicate that the electron exchange rates are enhanced in fluids near their critical point.
The rate constants for electron exchange after pulse radiolysis in CO 2 to produce charged free radicals by reaction with p-benzoquinone (BQ), dimethyl aniline (DMA) and O 2 in the reactions shows that the spin density in p-bezosemiquinone extends into the solvent to interact with two solvated 23 Na + ions in methanol at ambient pressure. The onset of the Mott Transition at n Mott may be achieved near the solvent critical point, it occurs as the free electron concentration approaches a critical value 3b :
where a H = D m e /m* e bohr is a hydrogenic radius that depends on the dielectric constant D of the medium and the ratio of the free electron mass to the effective value in the medium, m e /m* e . The effective radius a H varies from an Å for sodium tungstates to over 10 2 Å for InSb and SnTe alloys 3b , but it is important to note that the critical concentration n Mott is two orders of magnitude lower than that given by a H . If for a solvent at the critical point a H ~ nm then n Mott < 1 M (e.g., solvated electrons and alkali metal in ammonia solutions 6 ). Thus the spin exchange term is important for electron transfer chemical reactions that occur in metallic, semi-metallic and polar solvents at concentrations of one spin exchanged per nm 3 (as shown by the reactions 4f,o in CO 2 , CHF 3 and C 2 H 6 ). Intermolecular spin flips can be propagated by both dipolar and contact electron-nuclear spin-spin interactions, among the solvent molecules, at the densities obtained near the critical point.
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In a many electron system, the spin-spin exchange interaction introduces an energy density term that varies as a function of the transferred electron density, which will be proportional to the solvent density. Thus the additional energy density term, obtained by
Thouless for many electron systems 5a and by Clementi for molecules 5b , is written as:
where d is a parameter to be determined semi-empirically. The Mott contribution is not expected to be large in polar solvents but it can not be neglected completely, since it is known that the rates of electron exchange are enhanced near the critical point of these solvents 1,4 . The importance of spin-boson interactions has also been described in the Hamiltonian quantum model for electron transfer processes 2c .
Phenomenological Equations of State with Spin Exchange
The three phenomenological relations that are most often used to describe fluids near their critical point are variations of the van der Waals (vdW), the Redlich-Kwong (R-K) and the Anderko-Pitzer (A-P) 10 EOS. The reduced pressure P r is a function of the reduced volume V r = 1 /ρ r and the temperature T r . Semiempirical corrections to the pressure in the ideal gas relation are due to: the finite volume of the fluid molecules, the polar terms which depend on
, V r -4 , and the spin exchange term introduced in this work, which depends on V r -4/3 .
The EOS near the critical point may be determined by using the thermodynamic relations that identify the critical point:
T r = V r = P r = 1, P r ' = (∂P r /∂V r ) Tc =0, and P r " = ( ∂ 2 P r /∂V r 2 ) Tc = 0, the experimental data in Table I The parameters for the three EOS (3) near the critical isotherm were obtained using "Mathematica" version 3.0 notebooks. 12 Typical values are given in Table I together with literature data from various laboratories. 4 Figure 2 shows the fit of the A-P EOS, determined from a single data point, Z c to the experimental data 4a,i for CO 2 and C 2 H 6 near their critical point; the average deviation is 2.5 % for CO 2 , but is not as good for C 2 H 6 . The approach to the critical point for extreme values of Z c , Ln|∆P i | versus Ln|∆ρ| (when ∆P i = (P ic -P i )/P i,c and ∆ρ Landau and Zel'dovitch 13 proposed that there were two transitions near the critical point of gaseous metals, one for the fluid and another for the metal condensation. This hypothesis is P r,vdW = T r � Z c i k 
Results:
The EOS are used to ascertain how the bulk properties of the fluid vary with Z c :
• Three different regions are identified in Figure 4 :
• 0.10 < Z c < 0.2 identifies a metallic fluid at the critical point.
• 0.20 < Z c < 0.3 identifies a polar fluid at the critical point.
• 0.30 < Z c < 0.42 identifies a non-polar fluid at the critical point.
• The difference between the fluid properties are evident in K Tc versus P r (Figure 3 ):
• K Tc (Hg) is fairly symmetric about P r = 1, and of the same order of magnitude as the experimental values 4c,d as it goes to infinity when P r => T r = 1, but as Z c decreases from Hg to CO 2 to NH 3 to Se, the approach to infinity becomes increasingly asymmetric ( Figure 2a , insert for K Tc (CO 2 )). Thus, for synthetic work it is useful to note that Se is more compressible than NH 3 than CO 2 than Hg and that all are more compressible below P r =1 than above it.
• The dependence of the individual contributions in the A-P EOS versus Z c give some physical insight in Figure 4 :
• The energy contributions at the critical point using the Anderko-Pitzer EOS are: Table I: • Supercritical Se with metallic conductivity 4d (Z c = 0.105), up to the alkali metals (Z c < 0.20) appear to be the best solvents for electron spin exchange reactions.
• • H 2 , 4 He and Ne (Z c =0.30) should make no contribution to spin exchange, and.
• Figure 6 shows that the reduced electron osmotic pressure versus the solvent ρ r , at T r = 1, increases before the solvent critical point is reached near ρ r (NH 3 ) ≅ 0.5. This is a typical action-reaction effect; an increase in the solvent pressure induces an increase in the electron osmotic pressure. Since the free electron osmotic pressure goes through a maximum near the same density where esr measurements indicate that there is a maximum in the ratio of the local to bulk solvent density 4j , and where the Heisenberg spin exchange rate constants also go through a maximum 4g,f,o ( Figure 1 ) it follows that the Debye-Hückel approximation can explain measurements which are sensitive to the local solvent structure. The EOS are also correlated to the data:
• The linear correlation between the maximum (which occur for DTBN in CHF 3 , CO 2 and C 2 H 6 near ρ r, solvent = 0.5 at T r = 1.01 4j ) in the local to bulk solvent density ratio around the solute, r 12,maximum versus Z c (Figure 7a) , and between the measured to calculated rate constant ratios, k ex,esr /k ex,DB (DTBN) max versus d (Figure 7b ) indicate that the local solvent density enhancement relative to the bulk, the parameter d and the Heisenberg spin exchange interactions are interdependent in Z c .
• Solvatochromism in fluids near their critical point can be correlated to the relative contributions in the EOS. Interactions with the fluid change the value of the solute optical excitation energy, hv relative to that observed in a normal solvent, hv 0 , e.g., cyclohexane.
The polarity parameter, reported for N,N-dimethyl-4-nitroaniline in NH 3 and CO 2 4e , π* = pi* = (v-v 0 )/s (where s is a constant) versus the ratio E r (CP) = E polar /E exchange for the solvent (Figure 7c) indicates that though the spin exchange is expected to be small in polarizable 13 solvents, π* does depend on Z c and increases as the ratio E r (CP) increases. Here π* > 0
indicates that the solute-solvent ground state energy interactions are stronger than in the excited state, whereas π* < 0 indicates the reverse 4n . In solvents with high polarizability, e.g., NH 3 and CO 2 the dipolar interactions are expected to be highest in the ground state, whereas spin exchange interactions can occur only in the excited state, thus the polar and spin exchange interactions tend to cancel each other so that * increases only as E r (CP) increases (Figure 7c ).
Conclusions/Predictions/Use of Phenomenological EOS:
The results indicate that an enhanced solvated electron osmotic pressure near the metal to non-metal transition is related to the enhanced local to bulk solvent density ratio, and to the enhanced free radical spin exchange rate constants, observed near the solvent critical point.
This suggests that all these properties are related by a universal truth on the nature of spin exchange contained in Z c . This should be useful for chemical synthesis as well as metal oxide extraction processes in solvents near their critical point.
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14 Table I Experimental data for C 2 H 6 and EOS fit near T r = 1; the fit is worse than for CO 2 . (Table I) . Five boundary conditions are used in (3) for Z c < 0.18).
The parameters used are: at T r = 1 shows that Hg is the least compressible and NH 3 is less compressible than Se for a given P r near the critical point. This may be important for synthesis work near the critical point of fluids.
Figure 4:
Contributions to the pressure and to the energy relative to the second order term in the density versus Z c at the critical point for the A-P EOS from Mo to Hg. b A-P , c A-P , and  were taken from literature values for a given accentric factor w. 10 The linear fit does not depend on the accentric factor w 10 in relations (4). 
